Introduction 30
The foodstuff processing industry based on olive oil extraction is an economically important 31 activity for many regions of the Mediterranean Sea area. This process results in large quantities of 32 bio-recalcitrant effluents that come from the vegetation water and the soft tissues of the olive fruits 33 mixed with the water used at the different stages of oil production. All these wastewaters together 34 with the industry washing waters make up the so called olive mill wastewater (OMW). Essentially, 35
OMW consists of water (80-83%), organic compounds (15-18%) and inorganic compounds (2%), 36 while the organic content varies broadly depending on many parameters such as the olive variety, 37 harvesting time, climatic conditions and the oil extraction process. OMW also contains phytotoxic 38 and biotoxic substances which prevent it from being disposed of. The phytotoxicity and strong 39 antibacterial action have been attributed mainly to the polyphenolic content (0.5-24 g/L) found in 40 OMW and secondarily to fatty acids present in olive oil residues [1] . The presence of these 41 recalcitrant organic compounds constitutes one of the major obstacles in the detoxification of 42
OMW. 43
Management of OMW and alike agro-industrial effluents is a complicated and pretty much 44 unresolved issue with serious socio-economic implications. Given the unique characteristics of 45 OMW (i.e. organic content of tens of g/L COD, seasonal and localized production involving small 46 to medium size ventures), it is likely that a sequence of processes rather than a single operation may 47 become the optimum treatment option. Such scheme could benefit from the integration of low-cost 48 technologies (i.e. sedimentation, filtration, coagulation), conventional biological processes (i.e. 49 aerobic and anaerobic) and the more costly advanced chemical oxidation to meet environmental 50 regulations for discharge [2] . In recent years, advanced oxidation processes (AOPs) have been 51 employed as alternative pretreatment methods aiming at reducing organic load and bio-recalcitrance 52 of these effluents. Among them, photocatalytic methods have attracted a great deal of attention 53 regarding OMW treatment. In a recent study, El Hajjouji et The emission spectrum of the lamp consists of several spectral lines in the UV and visible region of 87 which the main emission line exists at 366 nm [10] . Emission below 300 nm is impeded due to the 88 reactor's material of construction (borosilicate glass). The photon flux emitted from the lamp was 89 determined actinometrically using the potassium ferrioxalate method and was found to be 1.12 10 Experiments were conducted in an immersion well, batch type, laboratory scale photoreactor 92 described in detail elsewhere [11] . In a typical photocatalytic run, the original OMW was diluted 93 with distilled water to achieve the desirable initial organic loading. Afterwards, 350 mL of the 94 effluent were loaded in the reaction vessel and the solution was slurried with the appropriate 95 amount of TiO 2 . The resulting TiO 2 suspension was magnetically stirred for 30 min in the dark to 96 ensure complete equilibration of adsorption/desorption of OMW organic compounds onto the 97 catalyst surface which was about 10% in terms of COD. After that period of time, the lamp was 98 turned on (this was taken as "time zero" for the reaction), while air was continuously sparged in the 99 liquid and the reaction mixture was continuously stirred. Regarding the initial pH that took values 100 of 4.8 (natural pH of the diluted effluent) and 7 (after adjustment with a few drops of 1 M NaOH 101 solution), it should be noticed that the solution was not buffered to the aforementioned values. The total phenolic content was determined colorimetrically at 765 nm on a Shimadzu UV 1240 118 spectrophotometer using the Folin-Ciocalteau reagent according to the procedures described in 119 detail elsewhere [12] . Gallic acid monohydrate was used as standard to quantify the concentration 120 of total phenols in OMW. 121
Sample absorbance was scanned in the 400-800 nm wavelength region on a Shimadzu UV 1240 122 spectrophotometer. Color was measured at λ=550 nm, which corresponds to the maximum 123 absorbance in the visible region. Changes in sample absorbance at the wavelength of 550 nm were 124 monitored to assess the extent of decolorization that had occurred during photocatalytic treatment. Table 2 . Table 2 and the results are summarized in Table 3 . 154
A key element in the factorial design statistical procedure is the determination of the significance of 155 the estimated effects. For the assessment of the significance of the main and interaction effects in 156 un-replicated factorial designs, Minitab uses the Lenth's pseudo-standard error (PSE) [13, 14] .
of the absolute values of the effects is first determined and then PSE=1.5 × m. Any estimated effect 159 exceeding 2.5 × PSE is excluded and, if needed, m and PSE are recalculated. Then, a margin of 160 error (ME) is given by ME= t × PSE, where t is the (1 -alpha/2) quantile of a t-distribution with 161 degrees of freedom equal to the number of effects/3 [13, 14]. The present study was done for a 162 confidence interval of 95%, therefore alpha=0.05. The calculated values of PSE and ME for the two 163 response factors according to the Minitab software are also given in Table 3 . All estimated effects 164 greater than the ME can be considered significant. On the other hand, all other effects whose values 165 are lower than the ME can be attributed to random statistical error. The model predicts a linear dependency of the mass of COD oxidized on the operating variables. 205
Not only this, but it also indicates that the contact time (x 4 ) is the most significant variable in terms 206 of COD removal, because its effect has the highest value and its about two times greater than the 207 effect of influent organic loading (x 1 ). Therefore, the factorial design analysis shows that 208 photocatalytic treatment is more efficient, in terms of mass of pollutants removed, at increased 209 organic loadings, thus implying that the concept of severe OMW dilution (usually with other 210 industrial [15] or municipal wastewaters [16] ) prior to treatment may be revisited. This undoubtedly 211 enhances the use of TiO 2 -mediated photocatalysis for OMW treatment. 212
Regarding TPh removal, the Pareto chart of the effects (Fig. 2) 
It can be observed from eqn 3 that, contrary to eqn 1, the effect of the contact time is not much 221 greater than the effect of the influent COD. Moreover, the effect of TiO 2 loading has an indirect 222 negative effect on TPh removal through its interaction with initial COD and H 2 O 2 concentrations. 223
On the assumption that TPh are represented by gallic acid monohydrate, the stoichiometry of its 224 reaction to carbon dioxide and water dictates that 100 mg of gallic acid would require 102 mg 225 oxygen for the complete oxidation; therefore, Y 2 in Table 2 In terms of color removal, decolorization mainly takes place during the first hour of treatment under 230 almost all experimental conditions. As seen in Table 2 , decolorization is always greater than 80%, 231 and in most cases it is over 95%, at low influent COD; conversely, for influent COD of 5100 mg/L 232 color removal typically varies between 40 and 70%. Interestingly, complete decolorizationcoincides with equally high levels of TPh removal, thus implying that the OMW dark color is 234 mainly due to the presence of phenolic compounds and their polymerized derivatives. Eventually, the development of empirical mathematical models with relatively few experiments to 245 describe OMW mineralization and TPh degradation is of great importance. Based on these models, 246
an indicative view for scaling-up the process can be obtained. 247
248

Energy consumption 249
AOPs based on artificial light may be associated with increased operating costs, a major fraction of 250 which is related to energy consumption. Bolton et al [17] introduced the concept of specific electric 251 energy consumption per unit mass of pollutant (e.g. COD) degraded (E EM ): 252
where V is the effluent volume in liters, t is the treatment time in hours, P is the lamp power in kW, 256 COD 0 and COD is the concentration in g/L before treatment and after time t respectively. Eqn (4) 257 assumes that the reaction is zero-order with respect to COD, i.e. the removal rate is directly 258
proportional to the rate of electric energy consumption. Although a thorough kinetic analysis was 259 outside the scope of this work, an attempt was made to evaluate the apparent order of reaction with 260 respect to COD concentration based on the experimental data of Table 2 . If the reaction were first-261 order, COD conversion would remain constant for runs performed at different initial COD values 262 and all other variables being identical; conversely, for zero-order kinetics an increase in initial COD 263 would result in a similar conversion decrease. In most cases (e.g. see runs 1 and 11, 2 and 12, 5 and 264 20, 6 and 22, 7 and 14, 9 and 19, 15 and 23, 26 and 32, 28 and 31), a 5-fold COD increase (i.e. from 265 1000 to 5100 mg/L) yields a decrease in the conversion by about 4-5 times, thus implying that the 266 apparent reaction rate is near zero-order. 267
Applying eqn (4), it is evident that photocatalytic treatment is more efficient, in terms of energy 268 consumption, at high influent COD values and short treatment times. For instance, comparing runs 269 29 and 17 energy consumption is 4.5 and 1.8 kWh/g COD removed after 1 h at 1000 and 5100 270 mg/L influent COD respectively; these values become 11 and 5 kWh/g COD removed after 4 h of 271 treatment (runs 13 and 18). This fact comes to boost the conclusion, drawn from the factorial design 272
analysis, that photocatalytic treatment is more efficient when working at increased organic loadings. 273 Similar arguments can be inferred for TPh removal; energy consumption is 26.5 and 9 kW/g TPh 274 removed after 1 h and 61 and 14.2 kW/g TPh removed after 4 h at 1000 and 5100 mg/L influent 275 COD respectively (applying again eqn (4)). These values are seemingly greater than those for COD 276 as the phenolic content comprises only a fraction of the total organic content. 277
278
Acute toxicity 279
The untreated effluent was highly ecotoxic to V. fischeri with an EC 50 value of 12%. Changes in 280 ecotoxicity were found to depend strongly on the residual organic matter following treatment. 
